2 the tower are then investigated through load analysis of a 5 MW offshore HAWT. In addition, the influence of different aerodynamic damping calculation methods on the prediction of fatigue loads is studied. 
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Introduction
The use of renewable energy sources has attracted increasing interest over the past decades due to the quest for a low-carbon economy and an increasing awareness of the need for sustainable development [2, 3] . Among the various renewable energy alternatives, wind energy is considered to be the most cost-effective, and has seen the fastest growth due to a significant reduction in its operating cost [4] [5] [6] [7] . At the end of 2015, wind power reached a global capacity of 433 GW and for the previous 5 years increased in installed capacity by 12-19% per annum [8] . The wind energy market is still growing rapidly and it is expected that by 2020 the global capacity will increase to 792 GW [8] .
To date, wind farms are mostly deployed onshore due to the relatively lower cost of construction, operation and maintenance. However, offshore locations generally have higher, more consistent wind speeds, less turbulence and lower wind shear, so that offshore wind farms can offer more, better quality renewable energy than their onshore counterparts [3, 9, 10] . Also, in some countries the best onshore locations are no longer available, and there is considerable public opposition to a significant increase in onshore wind power installations. In reality, the development of offshore Horizontal Axis Wind Turbines (HAWTs) has never lost the attention of the energy industry. Over the last decade, offshore wind power capacity increased considerably and reached 12.1 GW at the end of 2015, approximately 2.8% of the global installed wind power capacity.
Although the advantages of offshore projects are counter-balanced by the higher demand on materials, manufacturing, transportation, construction and maintenance, more and more research is being directed to make the deployment of offshore wind turbines more cost-effective. A substantial growth of offshore wind power installation in the future can offer a possible solution to the problem of providing for future green energy needs [10, 11] .
Although offshore wind resources are of better quality and more abundant, the more severe environment demands additional design considerations for offshore wind turbines to ensure safe operation. Firstly, larger offshore wind turbines are being considered to enable greater wind energy capture at lower cost. The proposed increase in size introduces significant aeroelastic effects, which are caused by the interaction of aerodynamic loads, elastic deflections and inertial dynamics [12] [13] [14] . Another important problem is the combined effect of 4 wind and wave loads on the structure. The coincidence of structural resonance with aerodynamic and hydrodynamic forces on the wind turbine may result in large-amplitude vibrations with the associated stresses and subsequent accelerated fatigue [15] . Therefore, in the design stage, a load analysis that estimates the combined effects of wind and wave on the structure is very important to ensure the safety of the wind turbine components.
To accurately estimate the loading during the lifetime of an offshore HAWT, it is crucial to correctly include the effects of damping in the analysis. This is because damping directly affects the structural response, with the amplitude of vibrations being inversely proportional to the damping [16] . The overall damping of an offshore wind turbine is made up of structural damping, soil damping, hydrodynamic damping and aerodynamic damping. The structural damping is related to the material used. For a tubular steel tower, the structural modal damping ratio is usually less than 1% and in general a value of 0.5% is applied. Soil damping and hydrodynamic damping are usually less than structural damping [15] . Similarly, the aerodynamic damping experienced by a simple stationary structure in air is generally less than structural damping. However, this does not apply to an HAWT, where the aerodynamic damping is induced by the rotor aerodynamics and could be much higher than the structural damping [1, 11, 15, [17] [18] [19] [20] [21] .
Although it is recognised that aerodynamic damping plays a key role in restraining vibrations in an HAWT, there is a lack of explicit recommendations on aerodynamic damping in the design guidelines [22, 23] . A recommendation published jointly by the American Wind Energy Association and the American Society of Civil Engineers [24] suggests that the design spectra for the support structure of operational turbines should be based on a total damping ratio of 5% to include aerodynamic damping. However, using a constant value for the aerodynamic damping for wind turbines of all sizes may be incorrect, as the aerodynamic design and structural configuration may vary from turbine to turbine. This will surely affect the aerodynamic damping value. In addition, as wind turbines operate in a highly unstable environment [14, 22, 25] due to the wind turbulence and yawing, pitch and speed regulations of the wind turbine, the associated unsteady aerodynamics may lead to time-varying aerodynamic damping.
Generally, 'dynamic inflow' and 'dynamic stall' models are used to account for the unsteady aerodynamics of 5 wind turbines. The dynamic inflow model considers the delay in the induced flow field reacting to the changes in the load conditions on the rotor [25] . The study was initiated in the context of helicopter aerodynamics. The most widely used model is the Pitt and Peters model [26] , originally developed for an actuator disk with assumptions made concerning the distribution of inflow across the disc. This model was substantially validated in the helicopter field [27] . The model was extended by Peters and He [28] with introduction of more flow states and a fully nonlinear implementation to account for turbulence and spatial variation of the inflow.
Application of the model to the Tjaereborg turbine [29] indicated that the dynamic inflow model can successfully capture the time lag effect during a fast pitching operation. On the other hand, the dynamic stall model accounts for the transient aerodynamic forces caused by the dynamic variations in the Angle Of Attack (AOA) of the blade airfoils. Because dynamic stall significantly affects the fatigue loads and ultimate loads on wind turbines, dynamic stall phenomena of pitching airfoils have been extensively studied numerically [30] [31] [32] and analytically. Models used in the industry include the Boeing-Vertol model [33] , the ONERA model [34] , the Øye model [35] and the Beddoes-Leishman (B-L) model [36, 37] . Of these, the B-L model is the most popular and has been widely used in helicopter and wind turbine analyses. Calculation of the unsteady aerodynamic effects is important because it can correctly reflect the loads experienced by a wind turbine operating in the field. It is also important for predicting the aerodynamic damping dominated by rotor aerodynamics.
To obtain a better understanding of the aerodynamic damping, efforts have been directed to experimental measurements [9, 15, [38] [39] [40] [41] and predictive models [1, 11, 17-21, 42, 43] . In Ref. [17] , Petersen et al. estimated the aerodynamic damping for a wind turbine blade, based on a linearised, quasi-steady, 2-D analysis of a blade section. They recommended that aerodynamic damping should be taken into account during the initial design of a wind turbine. The model [17] was applied by Rasmussen et al. [18] in their parametric studies of the aerodynamic damping of airfoils. They found that both steady and unsteady airfoil data are important for aerodynamic damping, and that the structural pitch will also affect aerodynamic damping significantly.
Thomsen and Petersen [43] developed a model to determine the total damping of edgewise blade vibrations, including the structural damping and aerodynamic damping, based on a description of the vibrations in terms of 'local blade whirl'. The model was validated with measurements on a wind turbine blade. Liu et al. [21] 6 introduced an aerodynamic damping model for wind turbine blades based on an analysis of aerodynamic forces on a blade section. The model was incorporated into a transient simulation and it was found that aerodynamic damping greatly affects the blade vibration. These studies were focused on the aerodynamic damping of only the wind turbine blades. On the other hand, Garrad [42] proposed an aerodynamic damping model for the tower of constant-speed HAWTs. Kühn [11] simplified the derivation by Garrad [42] and presented aerodynamic damping in terms of the rate of change of the lift coefficient with respect to the AOA, the geometric shape of the blades, and the dynamic characteristics of the tower. Kühn's model also assumed a constant-speed wind turbine. However, large wind turbines are usually designed as variable-speed machines to achieve optimum energy capture below the rated wind speed. Salzmann and van der Tempel [1] pointed out that, for a variablespeed wind turbine, although the changes in rotor speed are slower than the changes in wind velocity, its effects on aerodynamic damping cannot be ignored. They then proposed a correction factor to Kühn's model. Also, they presented another model that considers the aerodynamic damping as a variation in the thrust force loading and the dynamics of the support structure. Also, through this exercise, the influence of the aerodynamic damping on the fatigue loads can be studied quantitatively, and the performance of various aerodynamic damping estimation methods in the prediction of fatigue loads can be analysed. Such information is likely to be very helpful for the safe design of large-scale offshore HAWTs.
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In the present study, a load analysis of an offshore HAWT tower is presented. An offshore HAWT with a tubular tower installed on a monopile foundation was studied. The HAWT tower usually has a large aspect ratio and can be treated as a cantilever. Thus it can be discretised using two-node beam elements [44] in the Finite Element (FE) model. The FE dynamic equation of motion of the tower is obtained as [44] :
Offshore HAWT tower loading
where M is the mass matrix, C the damping matrix, and K the stiffness matrix; ẍ(t), ẋ(t), x(t) are the For an offshore HAWT, the major components of the loading exerted on the tower (see Fig. 1 ) are the wave loads, the windage loads, the tower self-weight, and the loads acting on the tower top from the rotor and nacelle, including aerodynamic and gravitational loads. The aerodynamic damping provided by the rotor mainly affects the tower response in the fore-aft direction and only negligibly in the side-to-side direction [9, 11, 19] .
Therefore, in the following sections, only the loads affecting tower deflection in the fore-aft direction are analysed.
To account for the loads and deflections, a blade coordinate system and a tower coordinate system are defined in Fig. 2 . In the blade coordinate system: ZB is radially along the blade axis; XB is along the rotor axis, and YB is perpendicular to both blade axis and rotor axis. In the tower coordinate system: ZT is directed vertically upwards;
XT is horizontal and pointing downwind; YT is perpendicular to both ZT and XT. 
Aerodynamic loads
Aerodynamic loads on the wind turbine blade were calculated using the BEM theory [25, 45] . As the BEM theory was originally developed for a wind turbine operating in steady wind, it was amended by introducing the 'dynamic inflow' [26] and 'dynamic stall' [37] models to account for the transient aerodynamics caused by wind turbulence, yawing, rotational speed regulation and pitch regulation, which are common to a wind turbine operating in the field [21] .
The BEM theory is based on the 'momentum theory' and 'blade element theory'. In the momentum theory, the wind turbine rotor is considered as an energy-extracting actuator disc rotating in a stream tube [25, 45] .
The axial force T and torque Q per unit length on the annulus of the actuator disc can then be obtained based on the conservation of momentum in both axial and rotational directions as:
where  is the air density, U the upstream wind velocity, r the radial distance of the blade section from the axis of rotation, a the axial flow induction factor, a' the tangential flow induction factor, and Ω the rotor angular velocity. The blade element theory is based on airfoil aerodynamics [25, 45] . Considering a blade section at radius r, the normal force and tangential force per unit length can be obtained as (refer to Fig. 3 ):
where W is the relative airflow velocity, CL and CD the lift coefficient and drag coefficient of the airfoil respectively,  the inflow angle, and c the airfoil chord length.
Plane of rotor rotation
Based on the blade element theory, the axial force T and torque Q per unit length on the annulus of the rotor are:
where B is the number of blades. Eqs. (2) to (7) can be iteratively solved using the Newton-Raphson method.
The momentum theory assumes that the induced velocity flow field reacts instantaneously to the changes in blade loading, while in reality these changes take a finite time to change the induced flow field [25] . The dynamics associated with this process is commonly referred to as 'dynamic inflow', which is taken into account using the model based on the work of Pitt and Peters [26] . The model is applied at actuator annuli level and consequently Eq. (2) is amended as [21] :
Eq. (8) can then replace Eq. (2) in the momentum theory. It is evident that it introduces a time lag into the calculation of inflow which is dependent on the radial station.
When a wind turbine is operating in steady conditions, the static values of lift and drag coefficients of the airfoils can be used in Eqs. (4) and (5) to estimate the blade loads. However, in reality wind turbines work in highly unsteady conditions. Dynamic variations of the AOA of the airfoil due to the wind turbulence, yawing, pitch and rotational speed regulation will result in transient airfoil aerodynamics which can considerably affect the loading on the blade. To account for these effects, the B-L dynamic stall model [36, 37] 
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The lift coefficient CL and drag coefficient CD are then calculated from resolving CN and CC into components normal and parallel to the velocity direction, and adding the minimum drag CD0.
Using the B-L model, the unsteady lift coefficient CL and drag coefficient CD can then be obtained during the time-domain simulation and consequently applied to Eqs. (4) and (5).
Through integrations of Eqs. (4) and (5), the normal and tangential forces over the entire blade can be obtained and transmitted to the tower top. Considering the number of blades B, the rotor azimuth angle , the shaft tilt angle , and the rotor cone angle , the force exerted on the tower top in the fore-aft direction (see Fig. 1 ) may be given as:
Windage and gravitational loads
For a tubular tower, the windage load per unit length at height h in the fore-aft direction may be simply given as [47] :
where Dt is the outer diameter of the tower station and CD the aerodynamic drag coefficient of the tower station.
To account for the gravitational loads which will affect the tower deflection in the fore-aft direction, the rotor together with the nacelle is treated as a point mass. If the sum of their masses is ms and the centre of mass is at (xs, ys, zs) in the tower coordinate system, the tower top moment MYT (see Fig. 1 ) can be obtained as:
where g is the gravitational acceleration.
Wave loads
The hydrodynamic loading on offshore structures consists of several components, including viscous drag loading, inertia loading, dynamic pressure loading, etc. [11] . If a loaded member is small compared with the water 13 wavelength, the water particle motions are only locally affected by the member and the forces can be calculated from the drag and inertia components using Morison's equation [47, 48] . In this study, the diameter of the crosssection of the tower and pile is considered to be less than 1/5 of the wavelength. In this case, using Morison's equation to estimate wave loading is adequate and the other components can be neglected. Thus the horizontal force on the structure per unit length at level z can be expressed as [48] :
where z is the depth below the mean water surface, w the density of water, CM the hydrodynamic inertia coefficient, CD the hydrodynamic drag coefficient, and Uw the horizontal wave-induced velocity.
The horizontal wave-induced velocity and acceleration can be estimated using the first-order linear wave theory [47] :
where Aw is the wave amplitude,  the angular frequency, k the wave number, d the water depth, and t the time.
In practice, waves are irregular in shape, varying in height, length and speed of propagation, and may approach an offshore wind turbine from one or more directions simultaneously. The features of a real sea can be reflected by describing a sea state by means of a stochastic wave model. The stochastic wave model represents the sea state as the superposition of a number of small individual frequency components, each of which is a periodic wave with its own amplitude, frequency and direction of propagation; the components have random phase relationships to each other. In this study, a design sea state is described by the JONSWAP spectrum [22, 49] Fig. 4a ). This will lower the AOA, , resulting in a reduction of the lift force, dL, and the drag force, dD, for the assumed 'attached flow' conditions. Consequently, the thrust force, dFXB, is reduced by ∆dFXB, acting as a resistance to the downwind motion. Likewise, a perturbation of the tower top against the wind direction increases both the AOA and the thrust force (see Fig. 4c ), while the thrust force increment also resists the initial perturbation. In either situation the alteration of the thrust force opposes the disturbing tower top motion, and this is experienced as aerodynamic damping [11] . When the airfoil is stalled, the aerodynamic damping can be lower or even negative, meaning that the flow supplies energy to the tower. This may result in a potentially self-exciting system if the aerodynamic damping supplied by the rotor becomes negative. Stall-induced vibration will occur when the energy cannot be removed through structural damping, leading to damage to the structure [17, 50, 51] .
Aerodynamic damping
The mechanism of aerodynamic damping of a HAWT tower
Aerodynamic damping also occurs during lateral motion of the tower top, but the interaction is much less pronounced. In a normal sea state, the water waves usually propagate in the direction of the wind. It has been demonstrated that this assumption is conservative and thus it is acceptable to assume that the wind and waves are aligned [22] . Therefore, we would expect that the aerodynamic damping will reduce the tower vibrations caused by waves and consequently alleviate the tower fatigue loads.
Aerodynamic damping model
As mentioned above, the aerodynamic damping is induced by the interaction between structural motion and rotor aerodynamics. Accordingly, a model can be derived based on an analysis of the rotor aerodynamics incorporating the tower top motion. • small inflow angle  (cos ≈ 1)
• high tip speed ratio (Ur >> Ud)
• attached flow (CL >> CD)
As Ur >> Ud, one can assume
A constant-speed HAWT gives:
The slope of the lift coefficient can be written as CL' = dCL/d. While the inflow angle  =  +  and the twist angle  is a constant, one can get
As shown in Fig. 4 , the change in the apparent axial wind speed Ud is due to changes in the wind speed and the structural motion. Therefore
where u is the change in the axial wind speed and ẋ the structural velocity whose sign is positive when aligned with the wind.
For a 1-degree of freedom mass-spring system, the equation of motion mẍ + Kx = T' applies and can be rewritten as:
Eq. (28) suggests that the aerodynamic damping per unit length is
The aerodynamic damping of the entire rotor can then be obtained by integration of Eq. (29) along the blade:
where R0 is the blade root radius, and R the rotor radius.
Consequently, the aerodynamic damping ratio for the n th mode can be defined as:
where Mn is the n th modal mass of the tower, and n the n th natural frequency of the tower.
For a variable-speed HAWT, the change in wind speed results in the change of rotor speed, thus Eq. (23) no longer applies and should be replaced by:
Although the change in rotor speed is slow, it cannot be neglected. To simplify the derivation, a correction factor b is introduced and Eq. It should be noted that the above derivation is based on the assumption that the drag is negligible. At high wind speeds near the cut-out wind speed, the drag term may be large enough to considerably contribute to the thrust, and thus can no longer be neglected. The larger drag term will lead to increased aerodynamic damping.
Therefore, using Eq. (34) is an approximation and may under-predict the aerodynamic damping at high wind speeds.
In Ref. 
Results and discussion
In order to investigate the effects of aerodynamic damping on the tower loading, load analysis of a 5MW offshore HAWT was carried out. Table 1 shows the configuration of the wind turbine. The structural damping ratio was chosen as 0.5%, while in this study, the foundation in the sea bed and the pile in the water are assumed to be relatively rigid, so that soil damping and hydrodynamic damping could be neglected. To facilitate the structural dynamics solution, the aerodynamic damping needs to be estimated in advance. According to HAWT design regulations [22, 23] , turbulent wind fields are required for the load simulation.
Therefore, the aerodynamic damping of the tower structure under turbulent winds with different average wind speeds should be obtained beforehand. When the correction factor is determined, it can be applied to the calculation of aerodynamic damping during transient simulation. The calculation of aerodynamic damping using Method B is more straightforward, as only the solution of BEM theory under steady wind is required and it does not estimate the aerodynamic damping at airfoil level. Fig. 8 shows the modal aerodynamic damping ratio obtained using Method B as a function of wind speed. It is found that with the increase of the wind speed, the modal aerodynamic damping ratio increases to its maximum value 22 of 5.7% at 9 m s -1 wind speed. This is also mainly due to the rotational speed regulation as mentioned above.
After an initial sharp drop from the maximum value, the aerodynamic damping will maintain relatively stable for wind speed above the rated. The values of modal aerodynamic damping ratio for 4, 8, 12 and 16 m s -1 wind speed are 2%, 5.4%, 3.8% and 3.5% respectively, mostly higher than that obtained by Method A. When using Method B to estimate the aerodynamic damping in a time domain simulation, the instantaneous aerodynamic damping value can be determined as a function of the instantaneous wind speed at the hub centre, according to Fig. 8 . In the solution of the equation of motion, the overall damping ratio of the tower was introduced by superposition of aerodynamic and structural damping ratios. Eq. (1) was solved in the time domain using the Newmark method [44] . The tower load calculation was carried out through time-domain simulation combining the aerodynamics, hydrodynamics and structural dynamics sub-systems.
A power production load case was simulated using the 12 m s -1 turbulent wind (Fig. 5 ). Fig. 9 shows a comparison between the time series of tower-top deflection with and without the effect of aerodynamic damping. The red curve shown in Fig. 9 was obtained using the aerodynamic damping value calculated by Method A. For clarity, only the tower top deflection results between 0 s and 300 s are displayed. It is clear that the aerodynamic damping significantly affects the tower deflection by reducing the vibration amplitude. In the time period shown in Fig. 9 , the average vibration amplitude is reduced from 1.94 m to 0.22 m if the aerodynamic damping is considered.
Therefore, in the wind turbine design procedure, in order to predict accurate tower deflection and fatigue load, it is very important to take into account the aerodynamic damping. It should also be noted that the tower of a largescale HAWT undergoes considerable deflection in the fore-aft direction, even if it is operating in an ordinary turbulent wind field. In this case, the maximum tower top deflection can reach nearly 0.8 m (considering aerodynamic damping), which may be big enough to influence the structural stability and turbine security, thus we should sufficiently account for the dynamic response of the tower in the design stage. The same load case was also simulated using aerodynamic damping as estimated by Method B. The reduction in vibrations of the tower due to the aerodynamic damping will lead to an alleviation of the load. In order to obtain a comprehensive understanding of the influence of the aerodynamic damping on the fatigue loading on the tower of an offshore HAWT and the effect of using different aerodynamic damping estimation methods, a load analysis of the 5 MW wind turbine tower was performed. The wind turbine class for the 5 MW machine was considered to be IEC IA [22] , corresponding to a Weibull wind speed distribution [25] with an annual mean wind speed of 10 m s -1 and a shape parameter of 2. . Three random turbulent 'seeds' were used for each mean wind speed and each of the wind time series lasts 600 s. The random sea state was described using the JONSWAP spectrum [22] . The combined wind wave distribution was determined using scatter diagrams of a specific offshore site obtained from long term statistics, including significant wave height, peak wave period and wind speed. For each turbulent wind, three sea states were used in the load calculation. Therefore, in total there were 99 (11×3×3) load cases simulated. Table 2 shows the wave parameters for four wind speeds and the combined wind wave probability density, which were used in the time-domain simulations. For the fatigue load estimation, the total number of each load case to be counted throughout the 20-year lifetime can be determined according to the probability density.
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Each load case was simulated using three conditions: 1) considering only the wind; 2) considering only the waves;
3) considering both wind and waves. For every 'wind only' case, tower loads were estimated both with and without consideration of aerodynamic damping.
To enable meaningful comparison of the load results, the concept of 'Fatigue Damage-Equivalent Load' (FDEL) was used to equate the fatigue damage represented by rainflow cycle-counted data to that caused by a single load range repeating at a single frequency [22] . Based on Miner's rule [52, 53] , the damage-equivalent load is given by:
where Lai and Lmi are the amplitude and mean value of the load cycle respectively; m is the slope of the SN curve, N the number of cycle repetitions in the turbine lifetime, and mf the mean load sensitivity factor (mf = 0.00035u -0.1, where u is the ultimate stress for the material) [52] .
The slope of the SN curve was assumed as m = 4, which is within the range between 3 and 5, typically chosen for steel tubular tower structure [22] . The damage-equivalent loads were then estimated for each load component assuming 1.37 × 10 8 cycles in the turbine lifetime of 20 years. Table 3 shows the obtained FDEL of tower base bending moment My, which is crucial in the fatigue design of the tower. It is clear that aerodynamic damping greatly affects the FDEL of My. The value of the FDEL of My calculated without considering aerodynamic damping is more than 5 times that considering aerodynamic damping, in both the 'wind and wave' and 'wind only' cases. The actual fatigue load of the offshore tower ('wind and wave' case considering aerodynamic damping) is significantly less than the cumulative fatigue load (sum of 'wind only' and 'wave only' loads). Moreover, it is less than the fatigue load estimated considering only the waves, which means 27 that the introduction of wind does not increase but reduces the fatigue load significantly. This is mainly due to the aerodynamic damping analysed above, which restrains the tower vibrations induced by hydrodynamic forces as the wind and waves are co-directional. Table 3 also indicates that using Method B for estimation of aerodynamic damping will underestimate the fatigue load by about 9% in both the 'wind and wave' and 'wind only' cases, compared to Method A. This is due to the higher aerodynamic damping estimated by Method B, compared to that predicted by Method A. Fig. 12 shows the time-averaged value of the aerodynamic damping predicted by Method A for the above load analysis in the whole range of operating wind speed, in comparison with that predicted by Method B. It is found that the aerodynamic damping predicted by Method A is consistently lower than that predicted by Method B. Different aerodynamic damping prediction methods may lead to considerable deviation in the fatigue load estimates. Therefore, in the design stage, the aerodynamic damping calculation method should be carefully chosen to ensure an optimum and safe design. For the HAWT studied in this paper, Method B predicted higher aerodynamic damping than Method A. But this may not apply to other HAWTs. Generally speaking, Method A
can provide more precise estimates of the aerodynamic damping, as it takes the unsteady aerodynamics including dynamic stall and dynamic inflow into account during the transient simulation. The disadvantage of Method A is that it is computationally much more expensive than Method B, as Method B only requires the solution of the BEM theory under steady wind and need not calculate the aerodynamic damping at airfoil level. In the load 29 analysis of the 5 MW HAWT studied in this paper, Method B can also be a good choice. Although it will lead to a slightly less conservative design than Method A, the computing time will be greatly saved. However, to ensure more confidence in the design, Method A is recommended.
Conclusions
In this study, a load analysis for the tubular tower of an offshore HAWT is presented, including the calculation of transient aerodynamic loads and wave loads, and the solution of structural dynamics. Aerodynamic damping models are introduced and incorporated into the transient load analysis to account for the damping induced by the rotor aerodynamics. Based on this, the influence of aerodynamic damping on the tower load analysis of offshore HAWTs was investigated. The salient points can be summarised as follows:
(1) Wind turbines operate in a highly unstable environment. The associated unsteady aerodynamics will affect the aerodynamic damping as well as the loads on the turbine. Inclusion of the effects of dynamic inflow and dynamic stall in the aerodynamic model can not only reflect the transient aerodynamic loads caused by wind turbulence, yawing, rotational speed regulation and pitch regulation, but also improve the accuracy in the prediction of the transient aerodynamic damping using Method A.
(2) Different aerodynamic damping models present considerable deviation in the prediction results. In this study, Method A takes into account the transient aerodynamics and can predict the transient aerodynamic damping. It is more time-consuming, but provides more precise and conservative predictions.
(3) Load analysis of a 5MW offshore HAWT indicates that aerodynamic damping can greatly affect the structural response of an offshore HAWT in operation and plays a key role in restraining vibrations of the tower, and consequently significantly affects the lifetime fatigue loads on the tower. Therefore, in the wind turbine design stage, the aerodynamic damping should be taken into account to achieve an optimum design.
(4) As the directions of wind and sea waves are usually parallel, aerodynamic damping induced by the rotor aerodynamics can significantly reduce tower vibrations caused by hydrodynamic forces, reflecting that the fatigue load on the tower is much higher if only the effect of the waves is considered, compared to a consideration of the joint action of wind and sea waves.
(5) Aerodynamic damping for different wind turbines may vary due to difference in design. Therefore, applying a universal constant for aerodynamic damping to all designs is not recommended. The results obtained in this study suggest that calculation of aerodynamic damping under different wind speeds for a specific design is required.
(6) Results obtained by the two aerodynamic damping models show that different aerodynamic damping prediction methods may produce considerable difference in the prediction of the lifetime fatigue load of the tower. Therefore, in order to ensure a safe and optimum design, the method for calculating the aerodynamic damping should also be carefully chosen. Based on the results of the 5MW HAWT in this study, Method A is recommended to evaluate the aerodynamic damping as it is not only more precise but also produces more conservative estimates.
